INTRODUCTION
The human genome contains approximately 30,000 genes (83, 144) . Scientists from a broad range of disciplines are now working to reveal the structure and function of the proteins encoded by these genes. Their findings could lead to the solution of a multitude of problems in biology and medicine. In addition to 92 NILSSON SOELLNER RAINES structure-function analyses of extant proteins, protein chemists are working to create new proteins with desirable properties, either by de novo design or by altering natural frameworks.
The study of natural proteins and the creation of nonnatural ones require the ability to access and manipulate proteins. The isolation of proteins from their natural source is often tedious, idiosyncratic, and impractical. In contrast, the production of proteins with recombinant DNA (rDNA) technology, either in a heterologous host or in vitro, can provide access to large quantities of protein and allow for the exchange of 1 of 20 common amino acid residues for another. However, aggregation often limits the yield of properly folded proteins produced with rDNA. Moreover, the restrictions of the genetic code severely limit the possible modifications.
The chemical synthesis and semisynthesis of proteins harbor the potential to overcome many of the disadvantages of current protein production methods (19, 29, 78) . In particular, chemical synthesis using established solid-phase techniques are rapid to effect, easily automated, and facilitate purification. Accordingly, the application of existing and emerging synthetic methods could facilitate research in all aspects of protein science.
Chemical synthesis enables the facile incorporation of nonnatural functionality into proteins. The genetic code limits the components of natural proteins to approximately 20 α-amino acids. Methods that overcome this limitation but still rely on the ribosome are similarly limited to a subset of α-amino acids and α-hydroxy acids (65, 91) . In marked contrast, the nonnatural functionality made available by chemical synthesis is limited only by the constraints of the periodic table and the imagination of protein chemists.
The desire to synthesize proteins is not new. On December 12, 1902 , Emil Fischer (47) delivered his Nobel Prize lecture in Stockholm, Sweden, saying in part:
Of the chemical aids in the living organism the ferments-mostly referred to nowadays as enzymes-are so pre-eminent that they may justifiably be claimed to be involved in most of the chemical transformations in the living cell. The examination of the synthetic glucosides has shown that the action of the enzymes depends to a large extent on the geometrical structure of the molecule to be attacked, that the two must match like lock and key. Consequently, with their aid, the organism is capable of performing highly specific chemical transformations which can never be accomplished with the customary agents. To equal Nature here, the same means have to be applied, and I therefore foresee the day when physiological chemistry will not only make extensive use of the natural enzymes as agents, but when it will also prepare synthetic ferments for its purposes.
A century later, Fischer's vision is becoming reality. Enzymes and other proteins not only are accessible targets for synthetic chemistry, but also are poised to become dominant targets of the twenty-first century. Herein, we discuss current efforts toward preparing proteins synthetically, focusing on the development of powerful new methodologies for splicing peptide fragments in a convergent strategy for the total chemical synthesis of proteins.
PEPTIDE SYNTHESIS
The chemical synthesis of proteins is now possible because of the prodigious advances in peptide synthesis that have occurred over the last century. Fischer's 1901 synthesis of glycyl glycine is the first reported synthesis of a dipeptide and is also the first instance of the term "peptide" used to refer to a polymer of amino acids (48) . His 1907 synthesis of an octadecapeptide consisting of 15 glycine and 3 leucine residues was a remarkable achievement, despite his inability to control its amino acid sequence (46) .
An important advance in peptide synthesis was Bergmann & Zervas' 1932 introduction of reversible protection for the α-amino group (14) . With the emergence of protecting group strategies, it became possible to synthesize small-peptide hormones. For example, in 1953 du Vigneaud and coworkers (43) reported a solutionphase synthesis of the octapeptide hormone oxytocin. Even though 50 years had passed since Fischer's first synthesis of a peptide, these types of syntheses were still only accomplished with considerable effort (95) .
The advent of solid-phase methods heralded a revolution for peptide synthesis (94) . In 1963, Merrifield (96) described the first solid-phase synthesis of a peptide, a tetrapeptide. He attached an amino acid to an insoluble support via its carboxyl group and then coupled the next amino acid, which had a protected amino group and an activated carboxyl group. The amino-protecting group was removed, and the next amino acid was coupled in a similar manner. Within a few years, Merrifield (97) reported the development of an instrument for the automated synthesis of peptides. In short order, Gutte & Merrifield (59, 60) used this new strategy to achieve the first synthesis of an enzyme, ribonuclease A (RNase A), albeit in low overall yield. Concurrently, a team led by Hirschmann (66) reported the chemical synthesis of RNase S (which consists of residues 21-124 of RNase A) by solutionphase segment condensation reactions.
Automated solid-phase peptide synthesis is commonplace today. In the most common strategy (Figure 1 ), an amino acid with both α-amino group and side chain protection is immobilized to a resin. The α-amino-protecting group is typically an acid-sensitive tert-butoxycarbonyl (Boc) group or a base-sensitive 9-fluorenylmethyloxycarbonyl (Fmoc) group (146) . These α-amino-protecting groups can be removed quickly and completely, and a protected amino acid with an activated carboxyl group can then be coupled to the unprotected resin-bound amine. The coupling reactions are forced to completion by using an excess of activated soluble amino acid. The cycle of deprotection and coupling is repeated to complete the sequence. With side chain deprotection and cleavage, the resin yields the desired peptide (61, 134) .
The efficiency of solid-phase peptide synthesis continues to improve. New solid supports have increased the length of accessible peptides (90) . New linkers between the support and the peptide have diversified the conditions that can be used to liberate a synthetic peptide (132) . New side chain protection strategies have minimized deleterious side reactions. Finally, new carboxyl-activating groups have increased the speed and efficiency of amino acid couplings while reducing the risk of epimerization (3, 99) .
Solid-phase peptide synthesis alone has enabled the total chemical synthesis of some proteins. Since the pioneering work of Merrifield, proteins that contain as many as 166 amino acid residues have been synthesized in this fashion (95) . These syntheses have, in some cases, been critical to the structure-function analyses of the target proteins. Notably, the chemical synthesis of HIV-1 protease enabled the structural characterization of protease inhibitor complexes (98, 135, 148) . In addition, an enantiomer of this protease was synthesized with D-amino acids to demonstrate its chiral specificity for a peptide substrate derived from D-amino acids (41) . Another notable example is a recent synthesis of a modified B1 domain of streptococcal G protein (112) . This synthesis incorporated a completely nonnatural dibenzofuran-based β-turn mimic as a conformational probe. These studies highlight the true power and potential of the total chemical synthesis of proteins in enhancing our understanding of protein structure and function.
Despite the significant gains made in advancing the technology of solid-phase peptide synthesis, there remain limitations. Modern peptide synthesis is typically limited to peptides consisting of no more than 40 residues (2, 22) . Peptides and proteins of greater length can be prepared, although not routinely. Hence, most proteins cannot by synthesized by the stepwise assembly of amino acid monomers.
The convergent assembly of protected or partially protected peptide segments, both in solution and on solid phase, is one approach used to access proteins that contain more than 40 residues (1, 2, 4, 84, 122). The 238-residue precursor of the green fluorescent protein (GFP) was synthesized with this segment-condensation approach (110) . Twenty-six peptide fragments corresponding to parts of the GFP were synthesized, assembled in solution, and deprotected. The resulting protein exhibited a fluorescence spectrum indistinguishable from that of the biosynthetic protein upon standing in solution. In addition to producing a large, complex protein in its native form by chemical synthesis, this study also demonstrated unequivocally that the formation of the GFP fluorophore is not dependent on any external cofactors.
PROTEIN SYNTHESIS BY PEPTIDE LIGATION
The formation of an amide bond between protected peptide fragments by the attack of an amino group on an activated carboxyl group can be problematic, especially with large peptides (32) . The problem is that both the intrinsic rate constant (k) for this reaction and the reactant concentrations are often too low for a substantial reaction velocity (v, where v = k[peptide 1][peptide 2]). In other words, the reactivity between an amino group and an activated carboxyl group is not inherently high enough for acyl transfer to overcome the relatively low solubility of peptides.
In nature, peptide bond formation occurs by sequential transfer of the C-terminal acyl group of a nascent peptide chain to the α-amino group of an aminoacyl tRNA. The C-terminal acyl group is activated only as an ester with a tRNA, and the transfer is aided, in large part, simply by the reactants being held in close proximity by the ribosome (129) . Proteases have been engineered to perform in a similar manner (18, 30, 106) and used for the convergent synthesis of proteins as large as RNase A (70) .
New chemical strategies have emerged that take advantage of enforced proximity to couple peptides. These peptide ligation methods provide a practical and powerful means to assemble synthetic peptides into proteins. The peptides can be protected or unprotected, and coupling can occur in an aqueous or organic solvent, in solution, or on a solid support.
Peptide ligation strategies utilize three steps ( Figure 2 ). An initial capture step links the peptides by a chemical reaction that is more rapid than intermolecular acyl transfer to an amine and that uses functional groups with reactivity that is orthogonal to that in proteins. The pivotal acyl transfer step is thus rendered intramolecular and hence can occur with maximal efficiency (92, 116) . In the last step, the capture moiety is released, either in a discrete chemical process or spontaneously.
Below, we discuss current strategies for peptide ligation, along with their relative advantages and disadvantages. We also highlight some notable applications of these strategies. Our focus is on ligation strategies that yield native amide bonds. We do not discuss approaches that yield nonnatural bonds between peptide fragments (44, 140, 138) .
PEPTIDE LIGATION WITH SULFUR Prior Thiol Capture
Modern methods of peptide ligation trace their origin to Kemp's prior thiol capture strategy ( Figure 3 ). In this approach, 4-hydroxy-6-mercaptodibenzofuran is used as the association element to bring the peptide coupling partners together (49, 72, (74) (75) (76) . This strategy uses a highly efficient thiol-disulfide exchange reaction in a capture step prior to the acyl transfer reaction. Acyl transfer occurs with a half-life ranging from 0.1 to 50 h, depending on the bulk of the side chain of the C-terminal acyloxy-derived residue (77) , and without racemization of the coupled amino acids (88) . Upon completion of the acyl transfer reaction, phosphine reduction of the mixed disulfide yields the native peptide.
The utility of this approach was demonstrated by the ligation of a variety of peptide fragments. In one study, the C-terminal 29-residue fragment of BPTI (bovine pancreatic trypsin inhibitor) was synthesized from four segments, each possessing an N-terminal cysteine residue and a C-terminal dibenzofuran (49) . The synthesis commenced with the two fragments at the extreme C terminus and proceeded sequentially toward the N terminus. The N-terminal cysteine residues were protected orthogonally until they were needed for coupling, when they were deprotected and derivatized as mixed disulfides. In a separate study, a 39-residue peptide and a 25-residue peptide were synthesized in high yield, utilizing side chain protection only at cysteine residues (73) . The ligation of fully protected peptides was 50-fold slower. Kemp's prior thiol capture strategy is a seminal contribution to the development of peptide ligation concepts and methodology. It represents the first demonstration of the chemoselective ligation of unprotected peptide fragments. In addition, it represents the first systematic application of the use of proximity effects to evoke acyl transfer via an intramolecular reaction.
Native Chemical Ligation
Currently, the most common ligation method is native chemical ligation ( Figure 4 the dipeptide ValCysOH. The reaction proceeded through the intermediacy of a thioester containing the sulfur of the cysteine residue. In the 1990s, Kent developed this reaction into a practical method to ligate large peptide fragments (38, 39, 78) . In native chemical ligation, the thiolate of an N-terminal cysteine residue of one peptide attacks the C-terminal thioester of a second peptide to effect transthioesterification. An amide linkage forms after rapid S → N acyl transfer.
Native chemical ligation is a powerful approach for the total chemical synthesis of proteins. Ligations are effected in aqueous solution with unprotected peptides (104) . A chaotrope such as guanidinium chloride or urea is added to discourage peptide aggregation and structure. Transthioesterification with embedded cysteine residues does not lead to amide bond formation and hence is reversible. The ligation rate can be modulated by the addition of exogenous thiols (37) . Ligation can also occur between cysteine and any of the other common amino acids, although ligation to hindered amino acids such as valine, isoleucine, and proline occurs relatively slowly (63) . Although normally carried out in solution, native chemical ligation has been used to couple unprotected peptide fragments on a solid support (23, 25, 27) .
The application of native chemical ligation in the synthesis of proteins is burgeoning. Some recent examples of target proteins include the human matrix Gla protein (84 residues) (64), the anticoagulant microprotein S (116 residues) (62) , and the human neutrophil pro α-defensin-1 (75 residues) (149) . Proteins with posttranslational modifications that are inaccessible with rDNA techniques have been synthesized successfully with native chemical ligation. These include the glycoproteins diptericin (58 residues) (128) and lymphotactin (93 residues) (86) . The prion protein has also been synthesized with appropriate mimics of its glycosylphosphatidylinositol anchor (8) .
A powerful aspect of the chemical synthesis of proteins is the ability to incorporate nonnatural residues as probes of structure and function or for therapeutic purposes. Native chemical ligation has yielded many important examples of modified synthetic proteins. The protooncogene H-Ras (166 residues) and its binding partner, the Ras-binding domain (81 residues), have been synthesized with the sitespecific incorporation of fluorescent tags to probe the interactions between these two proteins (10, 11) . In a particularly noteworthy example, a synthetic polyethylene glycol-modified erythropoiesis protein (166 residues) has been synthesized by native chemical ligation (79) . The appended polymer chains serve to prolong its half-life in vivo and hence its potent biological activity.
A one-pot total synthesis of a crambin has been performed in high yield by the sequential coupling of three synthetic polypeptide chains (9) . This synthesis of crambin (46 residues) did not require purification of the intermediates and afforded high yields of intact protein. Additionally, folding of the synthetic protein was performed in the reaction mixture prior to purification.
Expressed Protein Ligation
An intein is a natural splicing element that is analogous to the intron of nucleic acids (111, 117 ). An intein mediates its own excision from a peptide sequence through a series of acyl transfer reactions that ultimately results in the splicing of its flanking peptides. In 1998, Evans et al. and Muir and colleagues (45, 105, 126) appropriated the chemistry of intein-mediated, posttranscriptional protein splicing for protein semisynthesis. In their expressed protein ligation ( Figure 5 ), the fusion of a target protein to a modified intein is used to install a thioester at the C terminus of the target protein. The fusion protein can be bound to an affinity resin, where the incipient thioester can be trapped with a smallmolecule thiol, thus eluting the target protein as a simple C-terminal thioester and leaving the remainder of the fusion protein bound to the affinity resin.
The semisynthesis of proteins using expressed protein ligation represents a powerful union of chemistry and biology. In effect, the use of rDNA to produce protein fragments increases the size of proteins that are accessible to native chemical ligation (compare Figure 5 with Figure 4) . The bulk of a target protein can be accessed by biosynthesis and then ligated to a peptide prepared by chemical synthesis.
Expressed protein ligation has achieved widespread use in protein structurefunction analyses (36, 57, 103) . In particular, the semisynthesis of proteins that are phosphorylated (31, 115) , glycosylated (58, 141, 145) , or labeled with isotopes (17, 35, 121) or fluorophores (34, 118, 124) on specific residues is leading to notable insights. In addition, expressed protein ligation has been used to produce a functional single-chain antibody with a C-terminal thioester, which could be the basis of a new class of diagnostic and therapeutic agents (136) .
Expressed protein ligation has facilitated protein "prosthesis." In two examples, reverse turns in RNase A were replaced with synthetic reverse-turn mimics, dinipecotic acid (7) and dimethylproline (6) (Figure 6 ). The incorporation of these reverse-turn mimics increased the thermal stability of the protein, and the variant containing dimethylproline folded more quickly.
Intein-mediated protein splicing has been induced to occur in living cells, enabling new biological applications. One strategy involves splitting an intein into two fragments (54, 101, 102) . When these fragments associate noncovalently, the activity of the intein is regained and the ensuing splicing event can produce a functional protein. Fragment association can be modulated by a cell-permeable small molecule. The binding of a small molecule has also been used to activate an intact intein, which can then activate a target protein (24) .
Chemical Modification of Ligated Peptides
The utility of the native chemical ligation approach has been expanded by chemical modification. In these strategies, an additional step allows ligation with a thiolcontaining residue, but yields a protein that does not contain a thiol. To date, this approach has been used in only a few specific instances.
One such example is native chemical ligation at cysteine followed by desulfurization (150) . This strategy employs standard native chemical ligation using a cysteine residue. After the ligation step, chemical desulfurization of the cysteine residue gives alanine at the ligation junction ( Figure 7) . Desulfurization has been effected by hydrogen gas and a palladium catalyst. Three proteins have been synthesized with this strategy: the streptococcal protein G B1 domain (56 residues), a variant of barnase (110 residues), and the cyclic antibiotic microcin J25 (21 residues). All thiols in a protein target are reduced by known desulfurization conditions, but disulfide bonds are unaffected, making this strategy applicable to proteins that contain cystine but not cysteine residues. A second example yields methionine at the splice site by ligation with homocysteine followed by its chemical methylation (139) . This ligation proceeds initially in a fashion nearly identical to native chemical ligation (compare Figure 8 with Figure 4 ). Homocysteine effects S → N acyl transfer efficiently, despite having an additional methylene group in its side chain. After acyl transfer, sulfur methylation is effected with methyl p-nitrobenzenesulfonate. An excess of the methylating reagent is used, but the methylation of amino groups is avoided by limiting reaction times. Again, this method is limited to targets that lack a cysteine residue.
Acyl-Initiated Capture
Another original approach to peptide ligation is the in situ generation of a cysteine thioester by acyl-initiated rather than side chain-initiated capture (137) . In this method, Tam et al. (137) reacted a peptide having a C-terminal thioacid with a second peptide having β-bromoalanine as its N-terminal residue to generate 
PEPTIDE LIGATION WITH SELENIUM
Selenocysteine is a natural amino acid residue with a low natural abundance (81, 82) . During the biosynthesis of selenoproteins, selenocysteine (Sec or U) is incorporated by the ribosomal translation of mRNA and has its own tRNA Sec and codon, UGA (which is also the opal stop codon). Decoding a UGA codon for selenocysteine requires a unique structure in the 3 -untranslated region of the mRNA called a selenocysteine insertion sequence element. The production of eukaryotic selenocysteine-containing proteins in prokaryotes is problematic because eukaryotic and prokaryotic cells use a different selenocysteine insertion sequence element (5) .
The feasibility of using selenocysteine in native chemical ligation has been demonstrated with model systems (53, 67, 119) . pH rate profiles have demonstrated that a ligation with a selenocysteine residue occurs much more readily than does one with cysteine (67), as expected from the lower pK a of selenols and the somewhat higher reactivity of selenates. For example, at pH 5.0 the reaction with selenocysteine is 10 3 -fold faster than that with cysteine. Selenocysteine has been used to mediate expressed protein ligation (67, 68) . rDNA technology was used to prepare a fragment corresponding to residues 1-109 of RNase A with a C-terminal thioester. Standard solid-phase methods were used to synthesize a peptide corresponding to residues 110-124, but with selenocysteine rather than cysteine as residue 110. The thioester fragment and the peptide fragment were then ligated, and the product was folded and purified. The integrity of the desired C110U variant was verified by mass spectrometry and its wild-type enzymatic activity. The data indicate that C110U RNase A is not only an intact protein, but also a correctly folded enzyme with a selenosulfide (Se-S) bond between Sec-110 and Cys-56.
A semisynthesis of a selenocysteine-containing variant of azurin has also been achieved with expressed protein ligation (15) . Cys-112 was replaced with selenocysteine, and fragment 112-128 was ligated to fragment 1-111. The variant azurin protein displayed unique spectral properties that were used to reveal the nature of the enzyme-copper interaction in the native protein.
The isomorphous replacement of sulfur with selenium can stabilize a protein. Specifically, proteins containing selenosulfide bonds should have greater conformational stability in a reducing environment than proteins with disulfide bonds, as the reduction potential of a selenosulfide bond is much less than that of the corresponding disulfide bond (16) . This use of selenocysteine to stabilize an enzyme represents another form of protein prosthesis.
Selenomethionine has been incorporated into bovine pancreatic polypeptide with a strategy similar to that used for methionine (120) (compare with Figure  8 ). Here, native chemical ligation of a peptide fragment having an N-terminal selenohomocysteine residue was used to effect native chemical ligation. Subsequent Se-methylation yielded a selenomethionine residue. This method could have general applicability, as the methylation of selenium should be chemoselective at acidic pH.
GENERAL STRATEGIES FOR PEPTIDE LIGATION
A limitation of native chemical ligation is its intrinsic reliance on having a cysteine residue at the ligation juncture. Cysteine is the second least common amino acid, comprising only 1.7% of all residues in proteins ( Figure 10 ). Hence, most proteins cannot be prepared in their native form by any method that allows peptides to be coupled only at cysteine residues. However, nonnative cysteine residues have been added to enable protein synthesis by native chemical ligation (79) or semisynthesis by expressed protein ligation (69, 142) .
The addition of nonnative cysteine residues can incur risk. Of the functional groups in the 20 common amino acids, the thiolate of cysteine is by far the most reactive toward disulfide bonds, O 2 (g), and other electrophiles (12, 125) . In addition, cysteine can suffer base-catalyzed β-elimination to form dehydroalanine, which can undergo further deleterious reactions (50) . The side chains of nonnative Figure 10 Frequency of occurrence of amino acid residues in the primary structures of 1021 unrelated proteins (89) . The most common residues at ligation junctions in synthetic proteins are cysteine (as in native chemical ligation) and glycine (see below). cysteine residues have been alkylated [e.g., with bromoacetate to form 4-thiahomoglutamate (79) ] to minimize these risks.
The removal of the cysteine limitation by applying a more general ligation technology (Figure 2) would extend greatly the utility of protein synthesis (33) . An ideal technique would enable complete and rapid ligation between any two amino acid residues without detectable epimerization. Below, we describe three such strategies.
Conformationally Assisted Ligation
A peptide with a C-terminal thioester can be ligated with a second peptide that does not contain a cysteine residue at its N terminus if there is a strong conformational preference for the association of the two fragments (13) . For example, chymotrypsin inhibitor 2 has been divided into two peptides that correspond to residues 1-40 and 41-64. These fragments self-associate to form a native-like complex. When fragment 1-40 was synthesized as a C-terminal thioester, complete ligation to fragment 41-64 (residue 41 is methionine) was complete in less than 2 h. This route was used to prepare chymotrypsin inhibitor 2 labeled site-specifically with donor and acceptor dyes for studies of protein folding and stability (42) .
The S-peptide (residues 1-20) and S-protein (residues 21-124) fragments of RNase A associate strongly in solution. The incubation of S-peptide having a Cterminal thioester with S-protein induces a conformationally assisted ligation. The ligation was complete in 10 h to yield intact RNase A (13) .
Conformationally assisted ligation has limitations. The method can be used only for the ligation of peptides that have an inherent propensity for self-association. In addition, ligations to form an Xaa-Yaa peptide bond are slow when Xaa is a β-branched residue (13).
Removable Auxiliaries
An emerging strategy in protein synthesis has been the use of auxiliaries that act as cysteine surrogates to mediate the chemical ligation of peptide fragments ( Figure 11 ). These auxiliaries are appended synthetically to the N terminus of a Figure 11 Auxiliary-mediated peptide ligation. peptide. A second peptide is activated at its C terminus in a manner that allows capture of the auxiliary. After the capture step, a Y → N acyl transfer reaction produces an amide. The final step is removal of the extraneous atoms of the auxiliary, which often involves an additional synthetic step.
The first auxiliaries used for peptide ligation at noncysteine residues were N α -ethanethiol and N α -oxyethanethiol (26) (Figure 12 ). Peptides containing these auxiliaries at their N terminus were synthesized and coupled to peptides with a C-terminal thioester under conditions similar to those used in native chemical ligation. The most efficient couplings occurred when both the N-and Cterminal residues were glycine. Yields were lower if one residue was phenylalanine and the other was glycine. No ligation was detected between two nonglycyl residues. After ligation, the N α -oxyethanethiol (but not the N α -ethanethiol) auxiliary was removed efficiently by reduction with zinc under acidic conditions. The N α -oxyethanethiol auxiliary has also been used in the cyclization of synthetic peptides (127) . N α -2-Mercaptobenzylamine is the basis for a second class of auxiliaries for peptide ligation ( Figure 13 ). Peptides incorporating these auxiliaries at the N terminus react with thioesters in a manner similar to native chemical ligation (compare with Figure 4 ). Acyl transfer occurs via a six-membered ring. The auxiliaries, with appropriate phenyl-ring substitution, can be removed under acidic conditions after acyl transfer.
Offer & Dawson have reported three N α -2-mercaptobenzylamine auxiliaries. The simple mercaptobenzylamine auxiliary (R = R = R = H in Figure 13 ) was the first of this class to be used for peptide ligation (114) . This auxiliary enabled acyl transfer if a glycine residue flanked the ligation junction and a β-branched residue did not. The simple mercaptobenzylamine auxiliary could not be removed by acid treatment of the rearranged peptides. The dimethoxyl auxiliary (R = R = OMe and R = H in Figure 13 ) was reported subsequently, although its use was demonstrated in only a single peptide ligation in which both residues flanking the ligation junction were glycine (71) . Treatment with a trifluoromethanesulfonic acid/thioanisole/trifluoroacetic acid cocktail removed the dimethoxyl auxiliary completely from the acyl transfer product to give a native peptide bond. The trimethoxyl auxiliary (R = R = R = OMe in Figure 13 ) is the most recently reported ligation agent of this class (113) . The half-lives for acyl transfer were 0.2, 2.0, and 5.0 h for Gly-Gly, Lys-Gly, and Gly-Ala, respectively. No acyl transfer occurred between alanine residues. The auxiliary could be removed after acyl transfer using either TFA (trifluoroacetic acid) or HF (hydrofluoric acid). The 63-residue SH3 (Src homology 3) domain of α-spectrin was prepared by chemical ligation between Lys-27 and Gly-28 using the trimethoxyl auxiliary. An N α -(1-phenyl-2-mercaptoethyl) group represents a third class of auxiliaryassisted chemical ligation ( Figure 14) . These agents are used in a manner similar to that of the N α -2-mercaptobenzylamine auxiliaries (compare with Figure 13 ). The N α -(1-phenyl-2-mercaptoethyl) auxiliaries incorporate a more nucleophilic alkyl thiol in their design to enhance the efficiency of transthioesterification in the capture step, and mediate acyl transfer via a more favorable five-membered ring. Again, substitution on the phenyl ring affects the lability of the auxiliary after acyl transfer.
Initial studies of the N α -(1-phenyl-2-mercaptoethyl) class of auxiliaries were undertaken using compounds with an unsubstituted ring (R = R = H in Figure 14 ) (87) . Transthioesterification occurred efficiently regardless of sequence; thus acyl transfer limits the ligation rate. Half-lives for acyl transfer for Gly-Gly and Ala-Gly coupling were 30-40 and 120-140 min, respectively; acyl transfer could not be used to induce Gly-Ala and Ala-Ala coupling. No removal of the N α -(1-phenyl-2-mercaptoethyl) auxiliary from rearranged products has been reported to date. Two ring-substituted forms of the same auxiliary were reported concurrently. Both the N α -(1-(4-methoxyphenyl)-2-mercaptoethyl) auxiliary (R = H and R = OMe in Figure 14 ) and the N α -(1-(2,4-dimethoxyphenyl)-2-mercaptoethyl) auxiliary (R = OMe and R = OMe) ligate efficiently at Xaa-Gly sites where Xaa was Gly, His, Ala, or Lys. Acyl transfer yields were 76% to 98%, with the typical rearrangement completed in 16 h. Ligations using the dimethoxyl auxiliary for Xaa-Gly (where Xaa = Gly) required longer reaction times (40 h). The auxiliaries could be removed after acyl transfer by using HF (methoxyl) or TFA (dimethoxyl). These auxiliaries have been applied to the total chemical synthesis of cytochrome b562 (106 residues) (85) and for the cyclization of 11-residue cyclic peptides (28) .
The N α -(1-(2-nitrophenyl)-2-mercaptoethyl) auxiliary (R = NO 2 and R = H in Figure 14) is photolabile. Capture and acyl transfer was demonstrated by the ligation of two 10-residue peptides to produce a Gly-Gly peptide bond. Acyl transfer was completed after 24 h. The auxiliary was removed efficiently by photochemical irradiation at 365 nm for 6 h in an aqueous buffer, pH 7.4. Although the use of the nitro auxiliary is still subject to the glycine limitation, it could be removed under far milder conditions than could its analogs.
Staudinger Ligation
The Staudinger reaction has inspired a simple alternative to native chemical ligation with the promise of removing the cysteine limitation. In the Staudinger reaction, a phosphine is used to reduce an azide to an amine: PR 3 (55, 56, 133) . This reaction occurs via a stable intermediate, an iminophosphorane (R 3 P + − − NR , which is also known, less precisely, as an "azaylide"). Vilarrasa and others have shown that the nitrogen of the iminophosphorane can be acylated, both in intermolecular (i.e., three-component) and intramolecular (two-component; Figure 15 ) ligations (20, 21, 51, 52, 100, 143) . Hydrolysis of the resulting amidophosphonium salt gives an amide and a phosphine oxide. By rearranging the functional groups in the two components, Saxon & Bertozzi (123) have shown that the phosphine itself can serve as the acyl donor ( Figure 15 ). Their two-component ligation enables the formation of an amide bond between two molecules, but leaves a phosphine oxide in the amide product.
A "traceless" Staudinger ligation has been developed for the chemical synthesis of proteins (108, 109) . In the capture step, a peptide that has a C-terminal phosphinothioester reacts with a peptide that has an N-terminal azide to form an iminophosphorane ( Figure 16 ). Attack of the iminophosphorane nitrogen on the thioester leads to an amidophosphonium salt that is acyclic, which is key for traceless ligation. Hydrolysis of the amidophosphonium salt produces an amide bond between the two peptides and releases a phosphine oxide. No extraneous atoms remain in the amide product.
In essence, the Staudinger ligation of peptides using a phosphinothiol couples the energetics of native chemical ligation with that of the Staudinger reaction. This coupling is apparent in a comparison of functional group interconversions during the two ligation reactions (Figure 17 ). The dissimilar groups are the reactants and products of the Staudinger reaction, which is exergonic (55, 56) . Accordingly, the thermodynamic driving force of the Staudinger ligation exceeds that of native chemical ligation. The Staudinger ligation is being used increasingly in the chemical synthesis of proteins, as well as in other areas of synthetic chemistry and chemical biology (80) . iminophosphorane nitrogen more proximal to the electrophilic thioester carbon and thus could improve the yields for the Staudinger ligation products. To access a transition state with a smaller ring, the o-phenyl group of phosphinothiol 1 was replaced with a single methylene group. Thioesters of phosphinothiol 2 with AcOH, AcGlyOH, and AcPheOH were prepared either by transthioesterification or by coupling with dicyclohexylcarbodiimide. These phosphinothioesters formed dipeptides with N 3 GlyNHBn in >90% yields (109) . Additionally, AcGlySCH 2 PPh 2 was coupled with the D-and L-enantiomers of N 3 Ser(Bn)NHBn, N 3 PheNHBn, and N 3 Asp(OBn)NHBn (131) . These ligations, which likewise proceeded in >90% yield, confirmed that the Staudinger ligation retains the stereochemistry at the α-carbon of the azido acid. As with known auxiliary-assisted ligations (see above), the Staudinger ligation with phosphinothiols 1 and 2 is less efficient when a glycine residue is not at the ligation junction (B.L. Nilsson, M.B. Soellner & R.T. Raines, unpublished results).
The Staudinger ligation with phosphinothiol 2 has been exploited in the assembly of RNase A (107). After folding, this semisynthetic RNase A had a molecular mass and enzymatic activity that were indistinguishable from that of biosynthetic RNase A. Moreover, the semisynthesis incorporated a 13 C-enriched proline residue at position 114 for nuclear magnetic resonance spectroscopic analysis of protein conformation. This semisynthesis is unique in invoking four distinct chemical processes to create the peptide bonds of a protein: mRNA translation by the ribosome, solid-phase peptide synthesis, expressed protein ligation, and the Staudinger ligation (Table 1 ). Access to this arsenal greatly empowers modern protein chemists. Figure 19 Phosphinophenol used in the Staudinger ligation of peptides at nonglycyl residues.
Phosphinophenol 3 has been used to promote the Staudinger ligation of two nonglycyl amino acids (93) (Figure 19 ). Under specialized reaction conditions, Gly-Phe and Ala-Phe couplings occurred in 32% to 36% yields. The reaction conditions, however, are not readily adapted to unprotected peptides in aqueous solution, as amino groups (e.g., N-terminal and lysyl side chain) are acylated by esters of phosphinophenol 3 (93) . Moreover, thioester fragments generated by expressed protein ligation or other methods cannot be converted readily to esters with phosphinophenol 3, which highlights an intrinsic advantage of phosphinothiols in mediating the Staudinger ligation (Figure 16 ). Still, the success with phosphinophenol 3 provides an important precedent in the development of the Staudinger ligation as a sequence-independent method for peptide ligation.
PROSPECTUS
The development and refinement of peptide ligation methods for the convergent synthesis of proteins has entered an explosive phase of growth. Native chemical ligation and expressed protein ligation have already enabled the synthesis and semisynthesis of more than 100 proteins (38, 103) . The junctions between peptides in these proteins, however, must be at the N terminus of a cysteine residue. Removable auxiliaries and the Staudinger ligation provide the means to ligate peptides between any two residues in a protein sequence. The ligation of peptides on a solid support is likely to facilitate protein folding [by minimizing aggregation (40) ] and enable protein production to be automated from start to finish. Accordingly, synthetic chemistry is poised to make ever-increasing contributions to protein science for the foreseeable future.
